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Abstract 
The annual temperature stratification f five mining lakes within the 
Eastern part of Germany was surveyed in the years 1997 and 1998. 
An intercomparison f the field data of daily average temperatures 
showed that surface temperatures of all five lakes ran in parallel 
throughout the year. Differences between lakes were smaller than 
the interannual variability of a single lake. This indicated that sur- 
face temperature could be considered a climatic magnitude only 
weakly depending on the particular mixing characteristics within the 
lakes, and thus would be suited for a boundary condition in numeri- 
cal models. Under certain conditions, surface temperature data could 
be transferred from one lake to another, if the data set for a numeri- 
cally modelled lake, e.g. for prognostication purposes, were incom- 
plete or only very short. 
Introduction 
In recent decades, we saw a rapid development for the nu- 
merical approach to lake modelling (e.g. SVENSON 1978; IM- 
BERGER & PATTERSON 1981, 1990; PATTERSON et al. 1984). 
Based on good quality field measurements of the boundary 
conditions, the annual cycle of temperature stratification 
could be reproduced quite confidently for the period continu- 
ously covered by field data. However not only the reproduc- 
tion of past events was required, but prognosticative tools for 
predicting the future developments of lakes became an in- 
evitable requirement for evaluation or remediation of poten- 
tially environmentally hazardous water bodies as mining 
lakes could be (e.g. SCHtJLTZE & KLAPPER 1996, 1997). 
Not in all cases, necessary field data for such a prognosis 
were available. Not so much a sensor or an entire weather 
station failing to operate would pose the problem, rather the 
need for such prognoses before the lakes existed in their final 
configuration (e.g. BOEHRER 1998; BOEHRER et al. 1998; 
HEIDENREICH et al. 1999) or even before they existed at all 
inherited the difficulty. About the year 2000, more than 100 
mining lakes were coming into existence in the Eastern part 
of Germany, only counting those that would end up with a 
surface area of more than lkm 2. Some of these lakes were 
going to have a considerable volume, and thus within a few 
years time, a number of mining lakes would be included in 
the list of the largest lakes in Germany. Many of those lakes 
would lie in densely populated Central Germany around 
Leipzig, and public pressure was high that these, or at least a 
large portion of these lakes, would without concern about 
health be available for public use, whatever the quality of the 
lake would permit. 
As a consequence, science was beginning to show interest 
in the specific problems of these lakes (KLAPPER et at. 1996; 
SCHIMMELE 1994; SCHIMMELE c~z HERZSPRUNG 1999; MILLER 
et al. 1996; PILLARD et at. 1996; WALZ 1997; ROHDEN 1998; 
STEVENS & LAWRENCE 1997, 1998; GELLER et al. 1998). Pre- 
dictions needed to be done on the future stratification of 
those lakes. In most cases, inflowing groundwater had tra- 
versed tailings and thus carried a high load of dissolved min- 
erals. Providing the lake basin was sufficiently deep, these 
lakes tended to be meromictic. Balances of dissolved matter 
and predictions of acidification, only made sense, if the mix- 
ing characteristics of the lake were known. In some cases, 
the flooding procedure might have decisive impact on the 
meromixis and thus might determine the final water quality 
of the lake. As a consequence, nvironmental guidance be- 
fore the flooding would be urgently needed. 
In 1998, only a small portion of these voids had started to 
be flooded. In the majority of cases, relatively small lakes 
existed in the deep depressions of the mining pits. The sur- 
rounding vegetation had been removed uring mining activi- 
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ty or had suffered from the falling or the recently recovering 
groundwater table. As a consequence, many of the future 
shorelines and the surrounding areas were sparsely covered 
by vegetation. The waters of many residual akes consisted 
entirely of groundwater with high contamination deriving 
from mining activity. 
With the opencast mines abandoned, the groundwater 
level in the vicinity could recover from its artificially low 
level. The vegetation could re-establish, and as a conse- 
quence, also the fauna would change dramatically. In future, 
forest might grow, where only a few years before the soil was 
bare. The impact of these changes on the local climate, e.g. 
wind speed or irradiation, was hard to quantify. Under these 
conditions, it was difficult to provide a modeller with reli- 
able data for the final status of the lake, especially in cases 
where predictions about the final conditions of the future 
mining lake had to be done before mining activity could start 
(e.g. LmBMaNN & HAMM 1973). In other cases, manpower 
and financial resources or the tight time frame might not 
allow to collect the meteorological data necessary for a nu- 
merical stratification model. 
In this contribution, we compared field data from five 
mining lakes of various size and surrounding conditions, 
with varying salinity covering the range of our mining lakes. 
All lakes investigated were exposed to a similar climate. The 
results hould help to decide what common features could be 
expected from these lakes, and thus might be a help what 
data could be transferred from a closely observed lake to one 
where available data were sparse. 
Study Area and Measurements 
Data were continuously collected from five lakes, out of 
which 4 were located in the Central German mining district 
(around Leipzig), and one in the Lusatian (in the North of 
Dresden) mining district (see Fig. 1 and Table 1). The lakes 
of our intensive measuring program were selected because of 
one special feature or environmental hassard they were af- 
fected by. To compare the lakes in size, all were included in 
Fig. 2 with depth contours. 
In each lake (Table 2), we deployed ameteorological sta- 
tion (Aanderaa, Norway; UP Dresden Germany) and a ther- 
mistor chain (Aanderaa Norway) or a multiparameter probe 
with a yo-yo drive (Idronaut, Brugherio, Italy). Measure- 
ments were done in the years 1997 (Merseburg-Ost la, Rest- 
loch 111 and Vollert-Siid) and 1998 (Merseburg-Ost la, 
Merseburg-Ost lb, Restloch 111, Vollert-St~d and Niemegk). 
All weather stations acquired data on wind speed, wind 
direction, solar radiation, long wave radiation, humidity, air 
temperature and precipitation. Because of their importance 
for mixing processes, the wind measurements onthe lakes of 
the year 1998 (Fig. 3) received special attention. Niemegk, 
Merseburg-Ost la and Merseburg-Ost lb showed strong 
winds (cubic mean of 4 to 5 m/s) while Restloch 111 and 
Vollert-SiJd were exposed to about half the wind speeds. 
Lower wind speeds corresponded to lower input of turbulent 
kinetic energy. This was reflected in the smaller mixing 
depth in the temperature profiles (thin epilimnion) in Fig. 4. 
Below brief descriptions of the pre-dominant features of 
the lakes were included. For more detailed information, we 
referred to the appropriate literature. 
• Merseburg-Ost la, Merseburg-Ost lb 
The lakes were located within one opencast mine, separated 
by a railings dump. Mining activity had ceased in 1991. 
Since then, the voids had started to fill from groundwater 
sources which raised the water level by 1 to 2 m per annum 
until 1998. On 13th March 1998, flooding of Merseburg-Ost 
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Fig. 1. Location of the surveyed 
mining lakes Merseburg-Ost (la 
and lb), Niemegk (Goitsche), 
Vollert-Sttd and Restloch l l l 
within the mining areas Central 
Germany and Lusatia. 
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Fig. 2. Bathymetry ofthe surveyed lakes including the measuring sites [MA1, MA2 and MA3 in Merseburg-Ost la; MB1, MB2 and MB3 in 
Merseburg-Ost lb; GOJ an GOM in Niemegk (Goitsche); R12 in Restloch R111] where applicable; contour increment is4 m in all panels; the 
horizontal scale varies lightly from plot to plot. 
lb started from the nearby river Weisse Elster, which origi- 
nally traversed the mining area. Flooding Merseburg-Ost la 
started on 14th August 1998. Since then, each void had 
gained an inflow of up to 1 m3/s of water with fluctuations 
due to extremely high or low water levels in the nearby river, 
or because of constructural work at the inflow channel. The 
voids were to be filled by the end of year 2000. 
From natural salt deposits nearby, deep groundwater car- 
ried a high load of salt (mainly NaC1). Groundwater of this 
origin had entered the voids and had formed monimolimnia 
at the base of these lakes, which showed salinities of up to 80 
ppt (more than twice ocean concentration). The mixolimnia 
showed salinities around 7 ppt. 
The annual temperature cycles of 1997 and 1998 (Fig. 5) 
showed the homothermal periods at the beginning of the 
year, while from spring to autumn a temperature stratifica- 
tion could establish. The general picture was the same for 
both years, though a closer look discovered a number of dif- 
ferences between the years. Beginning in 1997 (winter), the 
lowest thermistor was located in the monimolimnion, and 
thus did not reflect the temperature variation of the 
mixolimnion (all other thermistors). The rising water level 
and mixing processes during spring made this thermistor join 
the mixolimnion. 
• Vollert-Stid 
Compared to its diameter of 500 m, Lake Vollert-Stid was 
very deep (26 m). It had neither a surface inflow nor a sur- 
face outflow, and the surrounding forest protected it from 
wind impact. Previously Lake Vollert-Stid had been used for 
dumping waste from lignite processing, which resulted in a 
high contamination with dissolved organic matter (e.g. phe- 
nols). The meromictic ondition had formed an anoxic mon- 
imolimnion below 6 m depth. Restoration treatment was im- 
plemented in 1997 and 1998, which increased visibility of 
previously 3 cm remarkably. 
Temperature data of the same kind as Merseburg-Ost la 
were available. For more detailed information, we refer to 
the appropriate literature on Lake Vollert-S0d (WIE~NER et 
Table 1. The mining lakes of the intensive field program, with the morphometric data of volume, surface area and maximum depth at the time 
of investigation. 
Lake Area (106m ~) Volume (106m 3) Max. depth (m) Distance (kin) to MA2, Merseburg-Ost la
Merseburg-Ost la 2.07 14.7 20 - 
Merseburg-Ost lb 1.84 21.7 20 3 
Restloch 111 0.11 0.5 10 110 
Vollert-Stid*) 0.15 1.8 28 25 
Niemegk (Goitsche) 0.70 4.0 15 25 
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Table 2. Lakes of the intensive field program and their deployed equipment. 
Mining disctrict Lake and measuring Year of observation Probe/sensor Measured parameter Accuracy 
wind meas. temperature 
Central Germany 
Lusatia 
Merseburg-Ost la; MA2 1997/98 
Merseburg-Ost lb; MB3 (1998) 
Merseburg-Ost lb; MB1 (1998) 
Vollert-Stid; VO 1 (1997)/98 
Niemegk(Goitsche); GOJ (1998) 
Niemegk (Goitsche); GOM (1998) 
Restloch 111; R12 1997/98 
CMB 3280 wind, air and -+ 2% resp. 
TS 2903S l~ water temperature .+0.2 m/s  2 )  
CMB 3280 wind -+ 2% resp. 
TS 2903S 1/ water temperature -+0.2 m/s ~) 
TTPB 29023) water temperature 
CMB 3280 wind -+ 2% resp. 
TS 2903D ~/ water temperature -+0.2 m/s 2) 
OS 316 water temperature 
Probe 4~ 
A100R 5) wind -+0.1 m/s 
CMB 3280 wind +2% resp. 
TS 2903S 1/ water temperature -+0.2 m/s 2) 
• +0.15 K 
-+0.15 K
_+0.15 K 
• +0.15 K 
_+0.005 K
• +0.15 K 
Years in brackets indicate discontinuous measurements. 
t~ Coastal Monitoring Buoy 3280, Thermistorstring 2903; Aanderaa Instruments, Norway. 
~ Whichever is larger. 
~} Temperature Profile Buyo; Aanderaa Instruments, Norway. 
4~ Ocean Seven 316 Probe; Idronaut, Italy. 
~ Wind speed-Sensor A100R; UP Umweltanalytische Produkte GmbH, Germany. 
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al. 1993; STOTTMEISTER et al. 1998; STOTTMEISTER et al. 
1999). 
• Restloch 111 
Restloch 111 (= void 111 = mining lake 111) was a residual 
part of the mining activity in the Lusatian lignite mining 
area. This mine had been abandoned in 1956, and filling the 
void by inflowing groundwater was completed in 1969. With 
the dimensions of a few 100 m it was relatively small. There 
were neither surface inflows nor surface outflows. Surround- 
ing forests right up to the water line protected it well from 
wind impact. 
The waters of Restloch 111 were highly acidic (pH of 2.6) 
and highly turbid. Restloch 111 had been meromictic below 
a depth of 8 or 9 m for a few years. However during winter 
1998/99, the chemocline might have been affected consider- 
ably by strong wind events during winter. Because of its high 
acidity, its small size and its high iron concentration 
(HERZSPRUNG et al. 1998), the lake was selected for treat- 
ment studies and a number of enclosures were installed to 
Fig. 3. Wind speed, during the year 1998 measured at 2.6 m above 
the water surface of five lakes. 
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Fig. 4. Temperature profiles from sur- 
face to ground of the five respective 
lakes in mid summer. 
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Fig. 5. Annual temperature cycles of 1997 and 1998 in Merseburg- 
Ost la, measured atstation MA2; acquisition every 10 minutes. 
evaluate the effectivity of various approaches toreduce acid- 
ity. A detailed bathymetric map can be found in BOTTNER et 
al. (1998). 
• Niemegk (Goitsche) 
Niemegk was one of the basins in a larger mining complex 
that would in future form Lake Goitsche, which was to be the 
largest lake of the state Sachsen-Anhalt, until an even larger 
mining complex would have formed a lake a few years later. 
As mining activity had only ceased a short time before the 
present measurements, he slopes were bare in 1997/98. In 
1997 and 1998 the water level was kept low by continuously 
pumping 0.25 m3/s of surface water from the lake. For a few 
years, a relatively shallow lake had established with an ex- 
change time of close to one year. 
The lake waters were highly acidic (pH around 3) and tur- 
bid. A quantitative estimate of introduced buffer by flooding 
the voids with river water showed that the acidity in the lake 
could be balanced. However a large amount of acidification 
potential was buried in the upper few centimeters of the 
ground. An eluation of the material was feared that could 
suffice to overcome the buffer capacity of the river water. 
Resu l ts  
In terannua l  Var iab i l i ty  
Neither 1997, except for January, nor 1998 were extreme 
years in terms of the weather. According to meteorological 
data collected on Merseburg-Ost la, the daily average tem- 
peratures rose to maxima close to 25 °C in summer with fluc- 
tuation up to 10 K about the general annual trend (Fig. 6). 
The temperature traces of both years (top panel) oscillated 
about each other. Obvious differences occurred in January, 
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Fig. 6. Daily mean air temperatures 2.6m above Merseburg-Ost la
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where 1997 showed extremely low temperatures. The dis- 
play of the temperature difference between 1998 and 1997 
(Fig. 6, bottom panel) indicated that except for January, the 
temperature differences were of the order of 5 K with maxi- 
ma and minima reaching 10 K. 
Parallel to the display of air temperature measurements, 
we enclosed water temperature data from Lake Merseburg- 
Ost la over time. We referred to data of the years 1997 and 
1998, and included ata from both years in the three panels 
of 0.5 m, 2.5 m and 7.0 m depth (Fig. 7). The air temperature 
difference in January was reflected in all three depths with 
differences inwater temperatures of 3 to 4 K. In late August / 
early September, the 1998 water temperatures were consid- 
erably lower than in 1997. More clearly the picture evolved 
from considering the temperature difference (Fig. 8), where 
the fluctuations at 0.5 m depth indicated maximum differ- 
ences of about 6 K, while at greater depths they were small- 
er: at 3 m depth a difference of 4 K and at 7 m depth a differ- 
ence of 2 K. 
Fig. 7. Water temperature in Merseburg-Ost la at three depths in 
years 1997 (dark) and 1998 (faint). 
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ature trace of Vollert-Stid at 7.5 m was included. 
Intercomparison between lakes 
From all lakes, we compared the temperatures at the same 
depth with each other separately for the years 1997 (Fig, 9) 
and 1998 (Fig. 10). In 1997 temperature traces were avail- 
able from 3 measuring sites in three lakes, while in 1998 data 
covered 5 lakes at 6 measuring sites. Where necessary a lin- 
ear interpolation to the required depth was performed 
(marked by *), and in all cases daily averages were used. In 
Lake Vollert-Stid the temperature trace at 7.5 m depth was 
used instead of 7.0 m, which seems reasonable from the 
small temperature gradients in the hypolimnion (Fig. 4) of 
Lake Vollert-Stid. 
At 0.5 m depth the temperature traces were nearly identi- 
cal. The temperature pattern as well as the absolute values 
were nearly the same for all lakes. This was valid for both 
years (1997 and 1998). Only a close look revealed smaller 
differences in springtime (April 1998), where the smaller 
lakes (Restloch 111 and Vollert-Stid) due to smaller wind 
speed (Fig. 3) showed a smaller mixing depth (Fig. 4), i.e. 
thinner epilimnion in summer. The same connection existed 
with the slightly higher top temperatures during summer, 
where the small lakes with few wind overcame the top tem- 
peratures of the other lakes by 2 K. 
At the depth of 3 m, the temperature traces (Fig. 10, mid- 
dle panel) of all lakes with strong winds lay close to each 
other, while the small lakes (Vollert-Stid and Restloch 111) 
with few wind separated from the general trend, and 
showed an individual temperature curve. This picture 
emerged even more clearly at a depth of 7 m (bottom 
panel). In addition, Lake Merseburg-Ost lb had separated 
at both measuring sites MB 1 and MB3, and indicated lower 
temperatures than in Merseburg-Ost la (MA2) or in 
Niemegk (Goitsche, GOJ). In Merseburg-Ost lb the in- 
flowing fresh water from a river nearby into the salty lake 
had introduced an additional density difference between 
epilimnion and hypolimnion and thus restricted the trans- 
port of heat into the deeper water. 
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Table 3. Annual mean values of the wind speed on the lakes of the intensive field program. 
Lake Year Mean wind speed Wind speed cubic mean Ratio 
<V~> (m/s) <v3> 1/3 (m/s) <v3~> 1/3 / <~v> 
Merseburg-Ost la 1997 3.25 4.34 1.34 
1998 3.66 4.75 1.29 
Merseburg-Ost lb 1998 3.84 4.95 1.29 
Restloch 111 1997 1.88 2.40 1.28 
1998 2.06 2.60 1.26 
Vollert-Stid 1998 1.72 2.14 1.24 
Niemegk (Goitsche) 1998 3.26 4.19 1.29 
Average wind data 
Wind speed measurements are inevitable for calculating the 
input of turbulent kinetic energy which is one of the decisive 
parameters for mixing in the upper water column. The input 
of turbulent kinetic energy E connects proportional to the 
third order of wind speed (e.g. IMBODEN & WOEST 1995): 
E~v 3 
As a consequence, if time averaged ata are used, the 
cubic mean, i.e. <v3> 1/3 has to be used rather than the usual 
arithmetic mean <v>. Both mean values have been included 
in Table 3, as well as their ratio 
<V3> 1/3 / "<V>. 
In some cases, one is only able to retrieve average wind 
speeds, which usually mean the arithmetic mean value <v>. 
According to Table 3, this value was considerably smaller 
than the cubic mean. In the presented case annual arithmetic 
means of wind speeds on the mining lakes Merseburg- 
Ost la, Merseburg-Ost lb, Vollert-Stid, Restloch 111 and 
Niemegk (Goitsche) were smaller than their counter part of 
the cubic mean by a factor of 1.28 for all lakes in the years 
1997 and 1998. In terms of input of turbulent kinetic energy 
(see above) this implied a difference of a factor of 1.283 = 2. 
Conclusions 
Continuous temperature data were acquired in five mining 
lakes in the Central German and the Lusatian mining district. 
In terms of depth, size, water quality and inflow or outflow, 
the lakes roughly covered the entire spectrum of lakes within 
the Eastern German lignite mining area. It was shown that 
the daily averaged temperatures close to the surfaces (0.5 m 
depth) ran in parallel throughout the year. The differences 
observed were small compared to the interannual variability. 
This indicated that the mixing dynamics of the lakes only 
had sub-ordinate influence on the daily averaged tempera- 
ture at 0.5 m depth. 
The surface temperature in first approximation could ba- 
sically be considered a climatic quantity and under certain 
conditions could be considered for an input parameter in nu- 
merical stratification models (e.g. BOEHRER et al. 1998). 
Within the variability of the referred lakes, it would be possi- 
ble to replace missing data by better or more reliable data 
from a lake nearby with very similar climatic conditions. 
This applies especially for lakes where observations are dif- 
ficult, because the lakes do not exist in their final state (e.g. 
mining lakes), or if the data record is insufficiently long in 
respect to annual variability. Surface temperatures measured 
in a mining lake with a still rising water surface can - under 
certain conditions - be used to draw conclusions for the final 
state of the lake. 
As a consequence of different average wind speeds and 
the different hydrological environment (inflow, outflow), the 
stratification varied remarkably between the lakes. Hence, 
neither temperature profiles nor epilimnion thickness nor hy- 
polimnion temperature measurements could be transferred 
from one lake to another. With no additional measurements, 
conclusions about those magnitudes would need considera- 
tions about the stratification (e.g. numerical modelling) for 
each lake separately. It could be shown that higher top tem- 
peratures during summer and a faster heating of the smaller 
lakes during springtime, could be attributed to their smaller 
mixing depth. 
Within the investigation period, the cubic annual averages 
of the wind speeds lay higher by a factor of 1.28 than the an- 
nual arithmetic mean. Using the latter would underestimate 
the input of turbulent kinetic energy by a factor of about 2. 
This factor was roughly constant for all lakes and years in- 
vestigated. 
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